Background: Objective tools are needed to improve pain assessment in newborns. The aim of this study was to assess the correlation between the Newborn Infant Parasympathetic Evaluation (NIPE) index and two pain scales during a painful procedure in premature infants. Method: Each baby born at least at 26 weeks of gestational age (GA) undergoing a planned painful procedure in the Neonatal Intensive Care Unit (NICU) was eligible. NIPE index, heart rate variability (HRV) indices and Neonatal Acute Pain scale (DAN) were recorded across three periods: the first at rest 5 min before the painful procedure (T1), the second during it (T2) and the third 3 min after the end of it (T3). The Premature Infant Pain Profile-Revised (PIPP-R) pain scale was recorded at T2. Results: Sixty-four recordings were performed in 29 preterm infants (mean GA = 29.9 AE 4.2 weeks). Twenty-eight tachograms were coupled to NIPE for analysis. We did not find a correlation between the NIPE index and DAN and PIPP-R at the pain time T2. Between T1 and T2, heart rate was higher (159 AE 16 vs. 169 AE 12, p < 0.001). Considering the linear HRV indices, we did not observe a modification in parasympathetic or sympathetic activity, while for the nonlinear HRV indices (H exponent, Approximate and conditional Entropy), a significant change towards a loss of physiological chaotic cardiac behaviour was detected. Conclusions: The NIPE index seems to be not reliable to assess acute pain in the preterm infant, but other HRV indices could be explored as additional tools next to pain scales in NICUs. Significance: The NIPE monitor was developed for objective pain assessment in neonates based on HFnu variations, but it does not seem reliable enough for assessing acute pain in real time in preterm neonates. Pain assessment in preterm babies still relies on pain scales.
Introduction
Assessment and management of pain have been central to caregivers' concerns, particularly in the area of neonatology for the past two decades (AAP et al., 2016) . Among the newborns, preterm neonates are the most vulnerable infants and they are also exposed to the highest number of painful events still regularly performed without analgesia (Carbajal et al., 2008) . These iterative stressful stimuli during a critical period of development have long-term physiological, cognitive and social adverse effects (Grunau et al., 2001a (Grunau et al., , 2005 (Grunau et al., , 2009 Grunau, 2003; Brummelte et al., 2012; Ranger et al., 2013; Vinall et al., 2013 Vinall et al., , 2014 Valeri et al., 2015) which can persist into childhood. Concerns about these potential neurodevelopmental consequences of early exposure to pain in Neonatal Intensive Care Units (NICUs) justify preventive measures to limit aggressive procedures and support the need to develop objective assessment tools in order to optimally manage analgesic therapies. The evaluation of neonatal pain is mainly based on numerous hetero-evaluation scales (40 validated in neonatology) which are timeintensive and difficult to implement in routine NICU care (AAP et al., 2016) . These scales are subjective tools giving an intermittent pain scoring with a risk of missing some painful episodes during the period of hospitalization.
Developing objective reliable tools for neonatal pain, stress and discomfort evaluation therefore appears to be a major challenge in the NICUs and paediatric intensive care units. Based on previous clinical studies (Oberlander et al., 1999; Benarroch, 2006) showing the close link between cardiovascular and nociceptive systems, Mdoloris Medical Systems â (Butruille et al., 2015) conceptualized the Newborn Infant Parasympathetic Evaluation (NIPE) monitor allowing the study of the autonomic nervous system (ANS) parasympathetic response to a painful stimulus. This index of nociception and analgesia is derived from an algorithm evaluating in real time the short-term heart rate variability (HRV). It reflects the HFnu variations (normalized value of the fluctuations of HRV due to changes in parasympathetic outflow). The NIPE index is reported on a scale of 0-100: the closer the NIPE value is to 100, the higher the comfort level of the patient.
Few paediatric studies have yet validated this tool, although it appears that the NIPE index is well correlated with the Echelle Douleur Inconfort Nouveaun e (EDIN) scale for postoperative neonatal pain (Faye et al., 2010) . To date, no validation studies have been performed in neonatology for the assessment of acute pain with the NIPE monitor. Yet this is essential because a reliable, objective and real-time analysis of the painful perception of the newborn could singularly improve its management. Thus, we carried out a prospective study in the Level III NICU of Saint-Etienne, France, to assess the correlation between the NIPE index and two validated (AAP et al., 2016) acute newborn pain scales: the Neonatal Acute Pain (Douleur Aigu€ e du Nouveau-n e, DAN) (Carbajal et al., 1997) and the Premature Infant Pain Profile-Revised (PIPP-R) (Gibbins et al., 2014) . Our second objective was to observe other autonomic changes from linear and nonlinear analyses of HRV indices during a nociceptive stress.
Methods

Subjects
Our work was an observational prospective study performed at the Saint-Etienne University Hospital Center (Level III nursery) in the NICU between 1 July and 1 November 2016. It was submitted and approved by the Local Ethics Committee (ref.
IRBN312016/CHUSTE) and by the National Commission for Informatics and Liberties (ref. 1954454) . All patients over 26 weeks of gestational age and <3 months of postnatal age were eligible if a painful procedure was scheduled. We excluded patients presenting with neurological or cardiac congenital defects, suffering from cardiac arrhythmia, having required prolonged resuscitation at birth, having undergone general anaesthesia within the preceding week or currently receiving drugs that have known effects on sympathetic and parasympathetic activity, and whose parents refused inclusion. All parents were given an information form and gave their approval for recording their baby. The procedures deemed painful included capillary glucose, intramuscular and/or subcutaneous injections, venous and/or arterial punctures, and tracheal suctioning.
Procedure
When a painful procedure was foreseen, the study protocol consisted for each patient to simultaneously start a multimodal continuous recording incorporating the electrocardiographic signal from an IntelliVue MX700 â cardiorespirographic monitor (Philips Medical Systems -Eindhoven -Nederland B.V.), with a Multi-Measurement Server M3001A including a FAST-SpO2 module and a Microstream CO2 Extension (M3015A â -Orion M edical LtdOxfordshire -England), providing a continuous monitoring of heart rate (three lead-ECG), respiratory rate, temperature and a recording of the instantaneous NIPE index (MDoloris Medical Systems -Loos -France). All the parameters were recorded synchronously on a computer equipped with an acquisition card. Continuous recording began at least 5 min before the painful act and continued until 15 min after the end of the procedure. Three periods were identified by an event marker and corresponded to a pain rating time: the first step was when the baby was at rest, quiet or awake, without human contact 5 min before the painful stimulus (T1); the second step was concomitant with the induced pain during the painful procedure (T2); and the third step was 3 min after the end of the painful gesture (T3). The DAN score was evaluated at T1, T2 and T3 and the PIPP-R score at T2 only because this latter scale is partly based on modifications of physiological items [heart rate (HR), oxygen saturation] from a basal state to a painful state. The nurse in charge of the patient carried out the procedure of care using the different methods of prevention of pain according to the habits of the unit and not modified for the protocol: sucrose administration, comfortable positioning, Emla â local anaesthetic cream. At T1, T2 and T3, two different experimental physicians evaluated the patients' acute pain without consulting each other and they could not view the NIPE index value. To assess the pain felt, each observer measured a score on either the one-dimensional DAN scale or the multidimensional PIPP-R scale. The DAN scale includes three behavioural items: facial responses (score 0-4), limb movements (score 0-3) and vocal expression of pain (score 0-3). It therefore leads to a final score rated from 0 to 10. The PIPP-R is a multidimensional pain scale based on two physiological parameters (HR variation and decrease in oxygen saturation), three behavioural items (brow bulge, eye squeeze and naso-labial furrow) and two contextual items (gestational age and baseline behavioural state). The seven side items from 0 to 3 give a final score between 0 and 21. Inter-rater coefficient has been estimated at 0.91 for DAN (Carbajal et al., 1997 ) and above 0.93 for PIPP-R (Gibbins et al., 2014) . It takes <60 s to do either of these scales.
HRV analysis
All calculations were performed with in-house software including HRV analysis (Pichot et al., 2016) developed with Matlab 9.0.0 R2016a (The MathWorks Inc., Natick, MA, USA). First, each R peak was detected on the ECG to provide the R-R interval series with a precision of 1 ms. The missing beats, isolated extrasystoles and artefacts were corrected using a spline cubic interpolation as suggested in the HRV guidelines (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996) . The R-R signal was then resampled at 4 Hz to obtain a regular sample base time. Then, HRV indices were calculated on 2-min periods starting at times T1, T2 and T3 described above. HRV was estimated by various linear methods: time domain, geometrical and frequency domain analysis provide indices representing global ANS activity (SDNN, Ptot), or mainly parasympathetic activity (pNN50, rMSSD, HF), sympathetic activity (LF) and autonomic sympatheticparasympathetic equilibrium (LF/HF). An alternative, nonlinear approach to examine cardiac signal complexity was also used, based on investigation of the complex feedback loops that impact the cardiac autonomic function. Different methods were employed: the Poincar e plot (a graphic tool to visualize a series of R-R intervals, with SD1 and SD2 indices representing, respectively, short-term and long-term RR variability), the fractality (i.e. detrended fluctuation analysis or DFA, to quantify the repetition of patterns display at different scale) and the entropy (i.e. the Shannon entropy and its derived indices as conditional entropy, corrected conditional entropy and normalized corrected conditional entropy to measure the probability that similar patterns of n R-R values remain similar and identically distributed [high entropy] when the length of the segment is increased to n + 1). 
Statistics
Data were reported as means AE SD for continuous variables, and counts and percentages for categorical variables. Friedman test was utilized to compare the DAN score, NIPE index, PIPP-R score and HRV values between T1, T2 and T3 periods. When multiple recordings were performed for the same patient, each measurement was considered independently because they were performed on different days. The correlation between PIPP-R and DAN indices was studied using a linear regression. The patients were separated into two groups: 'absence of pain' when DAN was lower than 2/10 and PIPP-R was lower than 6/21, and 'severe pain' when DAN was above 6/10 and PIPP-R was above 10/21. We compared these two groups with the corresponding NIPE index values. We chose these thresholds according to Carbajal et al. (1997) 
Results
Sixty-four recordings were performed in 29 newborns enrolled between 1 July and 1 November 2016. These 29 patients were recorded twice on average [1] [2] [3] [4] [5] . For technical reasons, only 38 (59%) cardiac tachographs could be analysed, 28 of which included both the study of NIPE and the usable variability parameters. Table 1 illustrates the main characteristics of the population. None of the recorded patients had suffered from intraventricular haemorrhage (grade III-IV), necrotizing enterocolitis or meningitis. Three patients (10%) had a congenital abnormality: a single kidney, oesophageal atresia and lymphedema of the feet. The painful procedures included 31 (48%) subcutaneous injections of erythropoietin, 16 (25%) capillary blood glucose, five (8%) intramuscular injections, four (6%) peripheral venous access, three (5%) venous samplings, three (5%) arterial samplings and two (3%) tracheal suctions. All patients had pain prevention: two with comfortable positioning alone (3%), three (5%) with comfortable positioning and Emla â cream, 35 (55%) with comfortable positioning and sucrose and 24 (37%) with comfortable positioning, sucrose and Emla â cream.
Correlation between pain scales and NIPE index
We first verified that the variations of our two pain scales were well correlated with the three time periods of the study. The data confirmed that pain was responsible for a change of DAN between T1 and T2 (from 0.97 AE 1.9 to 4.4 AE 2.8; n = 64; p < 0.001) and between T2 and T3 (from 4.4 AE 2.8 to 0.4 AE 0.7; n = 64; p < 0.001) as illustrated in Fig. 1 . The correlation between PIPP-R scale scored at T2 (7 AE 4.2) and DAN at this time showed a linear regression coefficient r 2 = 0.535 (n = 64; p < 0.0001) (Fig. 2) . We then analysed the temporal variations of NIPE index throughout the three periods (Fig. 1) .
The correlation between DAN scale and NIPE index showed a linear regression coefficient of r 2 = 0.028 (n = 28, p < 0.3922). We assessed this relationship for the most contributive patients (extreme values of pain), analysing the NIPE index at T2 and its concordance with the pain scores in the two subgroups of patients: 'absence of pain' (DAN < 2 and PIPP-R < 6, n = 5) and 'severe pain' (DAN > 6 and PIPP-R > 10, n = 6): p = 0.33 (Fig. 3) . When pain scales were analysed separately, there was no correlation between DAN < 2 (n = 6) or >6 (n = 9) and NIPE index at T2 (p = 0.46), and no correlation between NIPE and PIPP-R < 6 (n = 9) or >10 (n = 7) (p = 0.09).
HRV indices
The second analysis consisted of evaluating the linear and nonlinear variations of the HRV indices during the three different periods of the study. All the HRV results are detailed in Table 2 .
We observed a significant increase in HR (bpm) between T1 and T2 (159 AE 16 vs. 169 AE 12; n = 45; p < 0.001) and a significant decrease between T2 and T3 (169 AE 12 vs. 158 AE 18; n = 45; p < 0.001).
For the time domain indices, we found a low standard deviation of normal-to-normal (SDNN) value with a nonsignificant transient increase in SDNN (ms) between T1 and T2 and a nonsignificant decrease between T2 and T3 (18.5 AE 11.7 at T1, 19.8 AE 11.4 at T2 then 17.2 AE 11.9 at T3; n = 45; ns). The observed variations of pNN20 and RMSSD were not significant as well.
Geometric analysis of the R-R distribution density showed a difference on the x-axis (378 ms vs. 352 ms; n = 45; p < 0.0001) but without modification of the triangulation index between T1 and T2.
In the frequency domain, the overall power of the spectrum was also very low in this population of newborn infants (Ptot = 117 ms 2 at T1, 112 ms 2 at T2, 106 ms 2 at T3) regardless of the period analysed. We did not observe a significant modification in sympathovagal balance during pain (T2): LF/HF ratio (15.6 at T1 vs. 19.3 at T2 vs. 11.5 at T3; n = 45; p = 0.05) and HF (6.2 vs. 4.5 ms 2 ; n = 45; p = 0.05) or HFnu (12.3% at T1 vs. 9.9% at T2 and 13.3% at T3; n = 45; p = 0.05) indices.
We also examined with a nonlinear approach the cardiac autonomic control at the three stages of the study to have an idea of potential adjustments of signal complexity generated by a painful stimulus. Some indices supported a loss of the normal complexity of the cardiac signal due to this painful event between T1 and T2, in the sense of a significant loss of physiological chaotic cardiac behaviour between the two periods: exposant H from 1.23 to 1.34 (n = 45; p = 0.006), approximate entropy (AppEn) (Fig. 4) and conditional entropy (from 0.55 to 0.45; n = 45; p = 0.006).
Discussion
The first purpose of this prospective observational study was to evaluate the possible relationship between the objective NIPE index and the subjective pain thresholds evaluated by two different pain scales validated in newborns for acute pain in a population of vulnerable preterm infants in the Level III NICU of Saint-Etienne. (PIPP-R < 6 and DAN<2, n = 5) and 'severe pain' (PIPP-R > 10 and DAN>6, n = 6). NS = not significant.
Our results did not demonstrate a significant correlation between the NIPE index value and the assessed acute pain: there was no correlation between NIPE and DAN (p = 0.46) or between NIPE and PIPP-R (p = 0.09). The cumulative score of the two indices did not improve the correlation (p = 0.33). The variations of the NIPE index were not significant throughout the three periods (T1, T2 and T3), unlike the modifications in DAN score. However, this evaluation was essential because, to our knowledge, there is no study demonstrating such a correlation between the NIPE index and acute pain in preterm neonates and infants. Only one study showed a correlation between the NIPE index and a prolonged pain scale (EDIN) on 28 neonates over 35 gestational weeks of age after a major surgical procedure (Faye et al., 2010) . However, this work concerned neonates older than our population with a gestational age of 37.8 AE 1.5 weeks vs. 29.9 AE 4.2, and with postconceptional age of 39.6 AE 1.2 weeks vs. 33 AE 3.9, which suggests that NIPE could be more adapted to the evaluation of prolonged pain occurring in less premature neonates. Moreover, the environmental conditions were tightly controlled and similar for each baby, unlike our pNN20: % difference between adjacent normal RR intervals >20 ms; pNN50: % difference between adjacent normal RR intervals >50 ms; SDNN: standard deviation of normal-to-normal intervals; rMSSD: square root of the mean of the sum of the squared differences between adjacent normal RR intervals; IndTri: triangular index; Ptot: total power; VLF: very low frequencies; LF: low frequencies; HF: high frequencies; LFnu and HFnu (%): normalized values; SD1 and SD2: standard deviation of the distances of the R-R intervals from the y = x line (SD1) and the y = Àx + 2 * mean(RR)-line (SD2); DFA: short-term (a1) and long-term (a2) slope of detrended fluctuation analysis; H: Hurst exponent. study. Regardless of pain, another study showed a good correlation between the NIPE index and level of comfort during cocooning in ten neonates with a postconceptional age of 37 (34
+5
-38 +3 ) weeks (Alexandre et al., 2013) . In relation to pain scales, we found a good correlation between acute pain and the two chosen pain scales, even if they had only moderate intercorrelations. We chose these scales as gold standards in our work because they are internationally validated for neonatal pain assessment (AAP et al., 2016) ; but we cannot exclude that our results were negatively influenced by the fact that these scales, as many others, are imperfect. Moreover, we did not use a video camera to check the accuracy of our pain scorings, which could be a limitation of our work. Indeed, Bellieni et al. (2007) studied pain experienced by babies during a heel prick using a simple one-dimensional scale similar to the DAN scale and a more complex one such as the PIPP-R comparing score rated at the bedside and from video recordings. They showed poor interobserver agreement score and an increased interobserver reliability using the simplest scale. This study showed the limitations of the scoring systems and the difficulties in accurate assessment of pain in preterm babies, particularly for acute pain. In any case, regardless of their correlations with the pain scales, we found no significant variations in NIPE index throughout the three periods, unlike the DAN scores.
The lack of correlation between the 'objective' NIPE index and 'subjective' pain scales may also be influenced by our choice of two opposite situations: 'absence of pain' (DAN < 2/10 or PIPP-R < 6/21) or 'sure pain' (DAN>6/10 or PIPP-R > 10/21). We did not consider the scores between these thresholds because they are difficult to interpret either for DAN (Carbajal et al., 1997) or PIPP-R (Meesters et al., 2017) . Finally, we think that the particular design of the NIPE monitor algorithm, which integrates the ANS parasympathetic activity (HFnu), has a smoothing effect of the displayed value extracted from the monitor over a few tens of seconds. The instantaneous reactivity of the NIPE index is therefore possibly insufficient to evaluate in real time a pain of very short duration.
The second aim of our study was the evaluation of autonomic alterations induced by a nociceptive stress, analysing linear and nonlinear indices of HRV. For these particularly premature children, we established marked physiological changes during provoked acute pain. First of all, we found significantly increased HR by more than 10 bpm (p < 0.001) between basal state and painful state, illustrating that HR is a sensitive marker of neonatal pain frequently used in studies (Lindh et al., 1997; Oberlander et al., 2000 Oberlander et al., , 2002 Grunau et al., 2001b; Waxman et al., 2016) and integrated in several pain assessment scales, such as the PIPP-R and COMFORT scales. However, HR is not specific of pain and cannot be used alone as a pain marker. Actually, HR is impacted by many internal or environmental stresses which are usual in the NICUs (noise, light, mechanical or noninvasive ventilation) (Mooney-Leber and Brummelte, 2017) . Despite an observed trend, we were unable to confirm in the frequency domain a significant modulation of the autonomic balance after induced adrenergic stress. Cong et al. (2009) showed increased HF and LF and paradoxical decrease in the LF/HF ratio during a painful event. A recent systematic review reported the great heterogeneity among results about frequency indices of HRV during acute pain in preterm neonates (Waxman et al., 2016) . Part of them showed decreased HF, unlike others (Lindh et al., 1999 (Lindh et al., , 2000 Gormally et al., 2001; Greenberg, 2002; Oberlander et al., 2002; Weissman et al., 2009; De Oliveira et al., 2012) . To explain this, we should keep in mind that instantaneous changes in frequency domain indices remain difficult to observe for preterm neonates due to a physiologically low total power spectrum, widely below those of term newborns and witness of an overall immaturity in autonomic control.
Interestingly, most of the previous studies focused only a linear time or frequency domain analysis of HRV during painful events in preterm neonates, and very few analysed the complexity of the signal (Weissman et al., 2012) , whereas this parameter seems to be relevant as shown in our work. Indeed, a nonlinear analysis evaluating the loss of complexity of this signal during the nociceptive influx seems more sensitive and reproducible on some corresponding indices: H (DFA), AppEn and conditional entropy. Weissman et al. (2012) also showed a significant loss of complexity of the signal during a heel puncture performed in 24 term neonates.
If our study is limited by the low number of patients recorded and the technical difficulties encountered to obtain a qualitative heart signal in this vulnerable population, we believe that the autonomic responses observed during an acute painful procedure are reproducible for the majority of preterm neonates. Regardless of the algorithm employed in the nonlinear analysis, we observed some modifications of the ANS conformation after a nociceptive stress, which could confirm the physiological impact it generates in the newborn and its potential consequences in the short and long terms in case of repeated stressful events.
Our work shows that real-time nonlinear HRV analysis could be relevant for the assessment of acute pain of preterm neonates. Indeed, if HFnu measured by the NIPE index does not appear to be the most reliable marker in the case of acute pain in preterm babies, other more sensitive nonlinear HRV indices seem to be more interesting in this specific premature population. Based on the result of two previous studies (Faye et al., 2010; Alexandre et al., 2013) , the NIPE monitor could be reserved to assess postoperative pain or degree of comfort of term newborn infants, but its reliability to evaluate the acute pain of preterm neonates remains to be demonstrated.
Conclusion
To date, there is still no gold standard validated infant pain measure reliable enough to define with certainty the nociception thresholds of the preterm neonate. Some hetero-evaluation pain scales are quite reliable but not easily feasible in routine care. Even if the NIPE monitor was not correlated to acute pain in preterm babies in our work, other HRV indices seem interesting in this particular population to assess pain or discomfort. Studies should be conducted to find the best HRV indices, which could become valuable tools for continuous and objective evaluation of the comfort of preterm neonates in addition to pain scales.
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